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The contribution of thermally excited electron-positron
pairs to the bulk properties of the color-flavor locked quark
phase inside compact stars is examined. The presence of
these pairs causes the photon mean free path to be much
smaller than a typical core radius (R0 ≃ 1 km) for all tem-
peratures above 25 keV so that the photon contribution to
the thermal conductivity is much smaller than that of the
Nambu-Goldstone bosons. We also find that the electrons
and positrons dominate the electrical conductivity, while their
contributions to the total thermal energy is negligible.
PACS number(s): 26.60.+c, 12.38.Aw, 21.65.+f
While at present there is no unequivocal evidence that
free quarks exist in compact stars, it is important to ex-
amine the role they might play since the observational
situation may well change in the future. If quarks are
present in the center of compact stars, it is most likely
that they will be found in the color-flavor locked (CFL)
phase [1]. There exists a rather detailed understand-
ing of the basic properties of CFL quark matter [1–7].
This brief report augments our previous discussion [8] of
the thermal properties of CFL quark matter by address-
ing the role of thermally excited electron-positron pairs
which, hitherto, has been overlooked.
We start by mentioning that it is now commonly ac-
cepted that the CFL phase is electrically neutral [9]. This
would suggest that the chemical potential related to the
electric charge, µe, is zero; implying that at finite tem-
perature the (nonvanishing) densities of electrons and
positrons are equal. In fact, Lorentz invariance is bro-
ken in the CFL phase and the positively and negatively
charged kaons differ in mass, as do pions [10]. Therefore,
at finite temperature, the densities of the positively and
negatively charged species are not exactly the same; and
this must be balanced by differing electron and positron
densities in order to maintain charge neutrality. Thus µe
is nonzero. However, at temperatures below 5 MeV, µe
drops rapidly to zero [11], and it is completely negligible
at temperatures of 1 MeV or less, which are our princi-
pal interest here. It is therefore sufficient to set µe = 0
in assessing the impact of electron-positron pairs on the
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physical properties of CFL quark matter.
The first issue to address is the photon mean free path.
Since photons scatter quite efficiently from charged lep-
tons, even small numbers of electrons and positrons could
substantially reduce the transparency of CFL quark mat-
ter in the core of a compact star. Now the photon mean
free path can be rather well approximated by the simple
expression
ℓγ ≃
1
2ne(T )σT
, (1)
where ne(T ) is the equilibrium density of electrons in a
plasma at temperature T , the factor 2 takes into account
the equal density of positrons, and
σT =
8π
3
α2
m2e
≈ 66.54 fm2 (2)
is the well-known expression for the Thomson cross sec-
tion in terms of the fine structure constant α and the
electron mass me. This expression is the limiting case
of the more complicated Compton cross section for low
photon energies. Since this limit works rather well for
ωγ ≪ me and me ≃ 0.5 MeV, this is sufficient for the
purposes of this paper.
The average equilibrium electron or positron density
in a finite temperature neutral plasma [12] is
ne =
m2eT
π2
∞∑
k=1
(−1)k+1
k
K2
(
mek
T
)
, (3)
where K2 is a modified Bessel function. By making use
of this result we find the temperature dependence of the
photon mean free path in the CFL phase shown in Fig. 1.
We see that ℓγ <∼ 220 m for T >∼ 25 keV. Since the
radius of the CFL core (R0) is of order 1 km, the photon
mean free path is short for temperatures above 25 keV,
so that the quark core of a compact star is opaque to
light. Conversely, transparency can be considered to set
in when the mean free path exceeds 1 km, which occurs
for temperatures below 23.4 keV.
Photons together with massless Nambu-Goldstone
(NG) bosons φ, which arise from the breaking of the
global baryon number symmetry, dominate the ther-
mal conductivity. The estimates above indicate that for
T <∼ 25 keV, these components are equally important, as
discussed in our previous study [8]. This is no longer true
at higher temperatures since the photon contribution be-
comes negligible. Thus the thermal conductivity can be
approximated,
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FIG. 1. Photon mean free path as a function of tempera-
ture in the color-flavor locked phase.
κCFL ≃ κφ ≃
2π2
15
T 3R0 for T >∼ 25 keV, (4)
where for the velocity we used vφ = 1/
√
3. Numerically,
this leads to the following estimate
κCFL ≃ (7.2× 1031) T 3MeVR0,km erg cm−1 sec−1 K−1,
(5)
where the notation indicates that T is measured in units
of MeV and R0 is measured in units of km. This differs
from our previous result [8] by a factor 3/5, which does
not change the qualitative conclusion that the thermal
conductivity of CFL matter is extremely high.
We also need to evaluate the electron-positron contri-
bution to the thermal energy of the CFL core since this
is relevant to the cooling. It is straightforward to obtain
the expression (see Ref. [12])
Ee(T ) =
8T (R0me)
3
3π
∞∑
k=1
(−1)k+1
k
×
[
K1
(
mek
T
)
+
3T
mek
K2
(
mek
T
)]
. (6)
In Fig. 2 we indicate this contribution to the thermal
energy by a dashed line, while our previously calculated
thermal energy due to the massless states, Eφ,γ , is indi-
cated by the solid line (the radius of the CFL quark core,
R0, is taken to be 1 km). The comparison shows that the
charged lepton contribution is very small, Ee ≪ Eφ,γ ,
for all temperatures below 0.1 MeV. Moreover, even at
higher temperatures, Ee <∼ Eφ,γ . Thus, the presence of
thermally excited electron-positron pairs does not qual-
itatively affect the thermal energy of CFL matter. This
finding, together with the previous discussion of the ther-
mal conductivity, means that the cooling mechanism de-
scribed in Ref. [8] remains unchanged.
A separate issue is the electrical conductivity of CFL
matter. Since electrons and positron are charged par-
ticles, they should give a nonvanishing contribution to
this transport coefficient. In principle, charged pseudo-
NG bosons will also contribute, as mentioned in Ref. [8].
However, since even the lightest K+ boson has an esti-
mated mass that is an order of magnitude larger than
that of the electron (e.g., see Refs. [3,13]), these con-
tributions will be strongly suppressed and electrons and
positrons will dominate the electrical conductivity.
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FIG. 2. The contributions of massless states (solid line)
and charged leptons (dashed line) to the thermal energy of a
CFL quark core with radius R0 = 1 km.
In order to estimate the electrical conductivity of the
thermally excited electron-positron plasma in the CFL
phase, we need to know the temperature dependence of
the electron mean free path. The mean free path is fi-
nite due to the scattering of electrons by positrons and
other electrons, as well as annihilation, braking radiation
(bremsstrahlung), and Compton scattering. These pro-
cesses have recently been studied in the ultrarelativistic
limit in order to determine the kinetic properties of gauge
theories [14]. However, in the non-relativistic limit, the
annihilation, braking radiation, and Compton scattering
contributions are expected to be negligible, and the cor-
responding expression for the electron mean free path is
known in the so-called leading logarithm approximation.
This is sufficient if we restrict ourselves to temperatures
T <∼ me, in which case the electron mean free path [15]
is
ℓe ∼
T 2
4πα2neLe
, (7)
where ne is the number density of positrons which, ac-
cording to our assumption, is the same as that of elec-
trons given in Eq. (3). The so-called Coulomb logarithm
Le appears as a result of the long range nature of the
Coulomb interaction. Its value is determined by the De-
bye screening mass mD inside the plasma [15]:
Le ≃ ln
T
mDmax(α, v¯e)
, where m2D =
8παne
T
, (8)
and v¯e ≃
√
T/me is the average thermal velocity of the
electrons.
Now, to estimate the electrical conductivity of the
electron-positron plasma existing inside the CFL quark
core of the star, we use the following classical expression:
2
σe ≃
8παneℓe
mev¯e
, (9)
relating the conductivity (in Heaviside-Lorentz units) to
the electron mean free path ℓe. If ℓe is less than the
typical size of the CFL quark phase, R0 ≃ 1 km, which
is the case for temperatures higher than about 17 keV,
this expression for the electrical conductivity reads
σe ∼
2T 3/2
α
√
meLe
. (10)
It should be noted that this expression depends on the
density of electrons only through the Coulomb logarithm
Le. If this expression and the ultrarelativistic result [14]
are extrapolated to T ∼ me, it is satisfactory that they
are of similar magnitude.
At lower temperatures (T <∼ 17 keV), on the other
hand, the electrical conductivity in Eq. (9) becomes
σe ≃
25/2αmeTR0√
π
exp
(
−me
T
)
. (11)
This makes it clear that the contribution from, say, a
positively charged kaon will be enormously suppressed
due to a factor exp (−mK+/T ).
Note that the contribution of the electrons and
positrons themselves to the thermal conductivity is al-
ways small compared to the contribution of NG bosons
in Eq. (4). At temperatures higher than about 17 keV,
it is small because the electron mean free path is small,
while at lower temperatures ℓe is restricted by the size
of the core, and the specific heat decreases exponentially
with decreasing temperature.
In conclusion, we have shown that the presence of
a thermally excited electron-positron plasma inside the
neutral CFL core of a compact star has some interesting
consequences. One of the most interesting, and some-
what unexpected, consequences is that CFL quark mat-
ter is optically opaque at temperatures higher than about
25 keV. This suppresses the photon contribution to the
thermal conductivity, although at lower temperatures it
is comparable to that arising from the massless NG bo-
son, φ. Nevertheless, the thermal conductivity of CFL
matter is very large in all regimes, so that the thermal
energy from the CFL core of a compact star is efficiently
conducted away to the outer nuclear layer and the core
remains nearly isothermal [8]. If bare CFL quark stars
exist in the Universe, the fact that they only become
transparent to photons when they have cooled to rather
low temperatures might be of some observational impor-
tance. A similar interplay between NG boson and photon
contributions should also appear in other transport coef-
ficients, such as the shear viscosity.
The electrical conductivity of the CFL phase will be
largely determined by the electron-positron plasma since
contributions from other charged particles, such as kaons,
are strongly suppressed. This may turn out to be impor-
tant in studying the dynamo mechanism [16] of magnetic
field generation in compact stars with quark cores.
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